Abuse of toluene-containing organic solvents by inhalation is a prevalent practice among adolescents. Long-term abuse of toluene causes cognitive deficits. The mechanism of cognitive deficits induced by long-term toluene abuse has not yet been defined. In the current study, we assessed the effects of chronic toluene abuse on cortical gray matter volume and the association between cognitive impairment and cortical gray matter volume distribution in chronic toluene abusers.
T he first reports of solvent abuse were published in the 1950s in the United States. 1 Today, abuse of organic solvents has become an important health and social problem in the developed as well as the developing countries.
2-4 Solvent abuse is particularly prevalent among adolescents. 4, 5 Schoolbased surveys conducted in the United States and Australia revealed the rates of experimental solvent use up to 26% during adolescence. 2 The common methods of solvent abuse among adolescents are "sniffing" (direct inhalation of solvent from a container), "huffing" (inhalation of solvent by holding a soaked rag over the nose and mouth), and "bagging" (inhalation of solvent from a plastic bag). It is known that long-term solvent use has significant toxic effects on the human central nervous system. 2, 4, [6] [7] [8] [9] Despite its high prevalence and serious health and social consequences, today relatively little is known about the mechanism of solvent-induced central nervous system toxicity. 2, 4 Toluene, also known as methylbenzene, is a lipid-soluble aromatic hydrocarbon that is commonly used as a solvent in industry. It is also a common component of many household products such as paint thinners, spray paints, ink, and glue. After inhalation, toluene is easily absorbed by the lungs. Because of its high lipid solubility, it readily diffuses and accumulates in tissues with a high lipid composition, such as the central nervous system. Toluene is thought to be the cause of central nervous system toxicity in solvent abusers. 6, 10 Several previous studies have shown that regular long-term abuse of toluene causes severe and irreversible cognitive impairment. 4, [11] [12] [13] Hormes et al 7 reported that among chronic toluene abusers, the cognitive deficits are inattention, apathy, memory dysfunctions, and visuospatial impairment. Rosenberg et al 12 compared the cognitive abilities of chronic toluene abusers with those of alcohol abusers and cocaine users. They found significant deficits in working memory and executive function in the toluene abusers.
Nevertheless, the exact pathologic mechanism of cognitive impairments caused by chronic toluene exposure has not yet been defined. Because of prevalent comorbid drug use among solvent abusers, the findings reported in the limited numbers of autopsy cases are controversial and inconclusive. 4, 6, 9 Several neuroimaging studies have been conducted to investigate the neurotoxic effects of toluene abuse. MR imaging studies reveal that chronic toluene abuse causes T2-weighted hyperintense white matter lesions starting in the periventricular region during the early years of abuse, and these lesions later spread to subcortical U fibers. 2, 4, 12, [14] [15] [16] [17] [18] Dilation of cortical sulci, thinning of the corpus callosum, and thalamic T2-weighted hypointensity were the other MR imaging findings in chronic solvent abusers. 14, 19, 20 The presence of white matter lesions on cranial MR imaging was significantly associated with the greater cognitive impairment among the chronic toluene abusers. 12 Thus, the results of previous neuroimaging studies point to white matter as the target tissue for the development of cognitive impairment in chronic toluene abusers. Consistent with this hypothesis, Filley et al 11 found a significant correlation between the severity of white matter changes on MR imaging and the severity of cognitive impairment. Furthermore, Aydin et al 14 reported an association between the type of white matter lesions on MR imaging (restricted or diffuse) and both duration of toluene abuse and neurologic deficits. Finally, Filley et al 6 hypothesized that toluene-induced cognitive dysfunction may be directly attributed to cerebral white matter involvement. However, the results of other studies indicate the possibility that the cortex is involved in the development of toluene-induced cognitive impairments. 21, 22 The autopsy findings of a chronic toluene abuser showed severe neuronal loss in the second, third, and sixth layers of the cerebral cortex, in addition to widespread demyelination and giant axonopathy in the white matter. 21 This autopsy revealed that long-term toluene exposure may affect the cerebral cortex as well as white matter. Supporting the findings reported by Escobar and Aruffo, 21 some animal studies have shown that toluene inhalation causes Purkinje cell loss in the cerebellum and neuronal loss in the hippocampus of rats. 23 Moreover, Von Euler et al 22 showed that chronic toluene exposure causes impairment in spatial memory and reduced cortical area in the parietal cortex of rats. Taken together, the results of these studies indicate that cortical involvement may contribute to the development of toluene-induced cognitive impairments.
In the current study, we assessed the effects of chronic toluene abuse on cortical gray matter volume. We also assessed the association between cognitive functions and cortical gray matter volume distribution in chronic toluene abusers. We did not have an a priori hypothesis about the localization of cortical gray matter volume changes, and we used a voxelbased whole-brain statistical analysis method to assess the cortical gray matter volume differences.
Materials and Methods

Subjects
We studied adolescents between 12 and 19 years of age who regularly abused toluene-containing solvents by inhalation for a period of at least 6 months. Toluene abusers were recruited among adolescents who were admitted to a rehabilitation program for solvent abusers. The common solvent abused by all the participants was paint thinner. The patients who abused other substances, such as marijuana, amphetamines, and cocaine, were excluded from the study. The exclusion criteria for the toluene abusers and control subjects also included any contraindications for MR imaging, a history of any disorders known to cause cognitive deficits other than toluene-induced cognitive dysfunctions, neurodegenerative or demyelinating diseases, history of seizures, central nervous system infection, cerebrovascular disease, diabetes mellitus, steroid treatment for any reason, head trauma causing loss of consciousness or requiring hospitalization, a history of a previous psychotic or manic episode, a history of previous treatment with an antipsychotic agent, and a parental history of any psychotic disorder.
Sixteen male chronic toluene abusers meeting the defined criteria were included in the study (mean age, 15.5 years). The information about age of onset for toluene abuse and total duration of toluene abuse was gathered from the abusers and their parents by using a structured interview. Calculation of the absolute daily dosage of inhaled toluene was impossible because of the easy vaporization of thinners and issues related to the methods of abuse that made such calculations impossible, such as variability in the frequency of huffing, the amount of thinner inhaled during each huffing episode, and different physical properties of the rags used. Therefore, we used the amount of thinner bought weekly (as cans per week) to represent the amount of weekly toluene consumption.
14 Data on the prevalence and amount of weekly alcohol consumption and tobacco smoking among the abusers and control subjects were also collected. Because the subjects did not have regular income, the frequency of alcohol intake was irregular in both groups. Therefore, the amount of weekly alcohol consumption was calculated by considering the number of consumed drinks during their last drinking week (12-g alcohol per drink). Twenty sex-, age-, and education-levelϪmatched and righthanded (headedness-matched with the abusers) healthy control subjects were recruited from the community (mean age, 15.6 years). The control subjects had no history of substance or drug abuse. All the toluene abusers and control subjects were right-handed (based on the Edinburg Handedness Inventory). Written informed consent was obtained from subjects who were Ն18 years of age during the study. If the subject was Ͻ18 years of age, written informed consent was obtained from his or her parent. The study was approved by the local Human Subjects Committee.
Cognitive Assessment
General cognitive functions and intellectual abilities of all subjects were assessed by using the third edition of the Wechsler Intelligence Scale for Children (WISC-III). The WISC-III battery consists of 6 verbal and 5 performance scale subtests. Verbal and performance scores and a full-scale intelligence quotient (FSIQ) of all subjects were calculated. WISC-III tests and MR imaging studies of the toluene abusers were performed at least 3 weeks after their last solvent use to avoid the acute effects of toluene.
Image Acquisition
Cranial MR imaging studies were performed on a 1.5T superconducting whole-body MR imaging system (Symphony Maestro; Siemens Medical Systems, Erlangen, Germany) with a standard quadrature head coil. High-resolution anatomic images of the whole brain were acquired from the solvent abusers and control subjects with a T1-weighted magnetization-prepared rapid acquisition of gradient echo sequence (TR ϭ 11.08 ms, TE ϭ 4 ms, TI ϭ 300 ms, relaxation delay time ϭ 500 ms, FA ϭ 15°, FOV ϭ 256 ϫ 192 mm, matrix size ϭ 256 ϫ 192) yielding 128 sagittal sections with a defined voxel size of 1 ϫ 1 ϫ 1.3 mm. We also obtained axial fast spin-echo T2-weighted images (TR ϭ 9200 ms, TE ϭ 110 ms, number of acquisitions ϭ 3) from all of the subjects to search for any pathologic findings defined in the study exclusion criteria.
Voxel-Based Morphometry Preprocessing
Data analysis was performed by using the SPM5 software package (Wellcome Department of Cognitive Neurology, London, UK) running under Matlab 2007a (MathWorks, Natick, Mass). We used the VBM5 toolbox (http://dbm.neuro.uni-jena.de) for image preprocessing, which included normalization, segmentation, and modulation steps. 24, 25 The VBM5 toolbox uses a new tissue-segmentation method implemented in SPM5. The details of the unified segmentation method performed in VBM5.1 toolbox have been described elsewhere. 25 The segmented images were modulated with the Jacobian determinants of the deformation parameters obtained by normalization to the Montreal Neurologic Institute standard space to analyze volume differences. Finally, the modulated gray matter images were smoothed with a 10-mm full width at half maximum gaussian kernel and statistically analyzed. The total intracranial volume was included as a covariate during statistical analysis.
Statistical Analysis
We investigated the regionally specific gray matter volume differences between the toluene abusers and control subjects by using voxel-byvoxel analysis of the covariance test. The total intracranial volumes of the subjects were entered as a covariate. Because the abusers and control groups did not show significant differences in age and sex distribution, tobacco use, and education levels, we did not enter these variables as covariates. Because the difference between the mean amounts of weekly alcohol consumption of the abusers and control subjects was not significant, we did not consider alcohol consumption as a covariate in the voxel-based morphometry analysis. The findings were considered significant at a voxel level of P Ͻ .05, family-wise error (FWE) corrected, with an extended threshold looking for clusters with at least 10 contiguous voxels. The relationship between the duration of toluene abuse and cortical gray matter volume distribution was evaluated with regression analysis (P Ͻ .05, FWE corrected). The association was also assessed between the scores obtained from the performance, verbal subtests, and FSIQ on one hand and the cortical gray matter volume changes on the other. The differences in demographic findings between the toluene abusers and control subjects were investigated by using Mann-Whitney U test, as integrated in the Statistical Package for the Social Sciences, Version 15.0 for Microsoft Windows (SPSS, Chicago, Ill). The differences in the prevalence of alcohol consumption and tobacco smoking were tested by using the 2 test. The correlations of the scores obtained from the WISC tests with duration of abuse and with weekly solvent consumption were assessed by using linear regression analysis.
Results
The demographic findings of the toluene abusers and control subjects are given in Table 1 . The differences in age or education levels between the toluene abusers and control subjects were not significant (P Ͼ .05). The prevalence of alcohol use and the amount of weekly alcohol consumption between the abusers and control subjects were not significant (P Ͼ .05).
There was no significant difference in the prevalence of tobacco smoking and the amount of daily tobacco consumption between the toluene abusers and control subjects (P Ͼ .05).
The scores obtained from the performance and verbal subtests of the WISC-III and the FSIQ scores of the toluene abusers were significantly below the scores obtained from the control subjects (P Ͻ .01; Table 1 ). The performance scale scores were slightly lower than the verbal scale scores in the toluene abusers (P ϭ .46). The WISC-III scores of the toluene abusers correlated negatively with the duration of toluene abuse (P Ͻ .05). There was no correlation between the WISC-III scores of the abusers and the amount of weekly solvent consumption (P Ͼ .05). The voxel-based image analysis revealed lower cortical gray matter volumes in the abusers than in the control subjects in the following brain regions: bilateral medial frontal gyrus (Brodmann areas [BAs] 9 and 10); right orbitofrontal (BA 11), right superior frontal gyrus (BA 8), right angular gyrus (BA 39), right superior parietal lobule (BA 7), right parahippocampal gyrus (BA 36), and left middle temporal gyrus (BA 22) (Fig  1 and Table 2 ). The duration of toluene abuse correlated negatively with the cortical gray matter volumes of the toluene abusers in the right superior frontal gyrus (BA 6), right inferior temporal gyrus (BA 20), right superior temporal gyrus (BA 22), right occipital lobe (BA 19), left middle frontal gyrus (BA 9), left inferior temporal gyrus (BA 37), and left precentral gyrus (BA 6) (Fig 2 and Table 3 ). The reduced gray matter volumes in the left middle frontal gyrus (BA 9) and the right superior parietal lobule (BA 7) of the abusers correlated with lower WISC-III performance scale scores (Fig 3 and Table 4 ). The voxel-based regression analysis showed that in none of the brain regions examined did the gray matter volume correlate significantly with weekly solvent consumption.
Discussion
In this study, we investigated the adverse affects of chronic toluene exposure on cognitive functions and gray matter morphology. We found that chronic toluene abusers had significantly lower WISC-III IQ scores than healthy control subjects. The performance scale of WISC-III consists of tests measuring visuospatial skills and information-processing speed such as picture completion, block design, and digit-symbol coding. However, the verbal scale subtests of the WISC-III assess lan- guage skills, such as comprehension, vocabulary, and similarities between objects or concepts. In the current study, both the verbal and performance scale scores of the toluene abusers were slightly lower than those of the control subjects. Nevertheless, the performance scale scores were significantly lower than the verbal scale scores in the toluene abusers. Thus, the results of the current study show that the visuospatial abilities of toluene abusers were more severely impaired than their language skills. The previous neuropsychological studies in chronic toluene abusers reported a pattern of neurocognitive disturbance consisting of impaired attention, informationprocessing speed, executive function, learning and memory, visuospatial dysfunction, and relatively preserved language skills. 2, 6, 9, [11] [12] [13] Yamanouchi et al 13 assessed the cognitive functions of the toluene abusers by using the Wechsler Adult Intelligence Scale (WAIS). With results similar to ours, they found significantly reduced WAIS performance scale scores among abusers, which were associated with the severity of pontine atrophy. In contrast to the results of the current study, they found a relative sparing of language skills. In our study, the negative correlation of the performance scale and FSIQ scores with the duration of abuse indicates that the cognitive deficits of the toluene abusers are related to the long-term toluene exposure.
In the literature, a handful of studies have investigated the effects of long-term toluene exposure on the cerebral cortex. Kucuk et al 26 studied cerebral perfusion abnormalities in toluene abusers by using technetium Tc99m hexamethylpropyleneamine oxime single-photon emission CT (SPECT). They found hypo-and hyperperfused regions in the frontal, temporal, and parietal cortices. In another SPECT study, Okada et al 27 used iodine 123I inosine monophosphate to measure the cerebral perfusion in the chronic toluene abusers and found significantly decreased cerebral blood flow in the prefrontal cortex. Furthermore, the hypoperfusion in the prefrontal cortex was related to behavioral disturbances observed in the abusers. In an animal study, Von Euler et al 22 investigated the effects of long-term toluene exposure on the behavior and brain sizes of rats. They found that toluene exposure led to the impairment of visuospatial skills and selective decrease in the parietal cortex size of the rats.
In our study, the voxel-based comparison revealed significantly lower gray matter volumes at multiple locations within the cerebral cortex of the toluene abusers compared with the control subjects. The correlation of lower gray matter volumes in the frontal, temporal, and occipital lobes with the duration of toluene abuse demonstrates the association of the gray matter loss with long-term toluene exposure. Previous animal studies showed that chronic toluene changes in the N-methyl D-aspartate receptor subunits in the medial prefrontal cortex of rats suggest an increase in neuronal excitability.
2 These findings highlight the potential for excitotoxic neuronal damage with chronic toluene exposure. 2 Cerebral cortical gray matter is composed of neurons and glia in a laminar arrangement. Neurodegenerative disorders leading to neuronal loss cause cortical gray matter volume reduction, which can be detected by morphometric MR imaging analysis. 28, 29 In the current study, the smaller gray matter volumes in the toluene abusers may be associated with neuronal loss in the related regions of the brain. Consistent with this hypothesis, animal studies have shown that long-term toluene inhalation causes neuronal loss in the hippocampal region of rats. 23 Furthermore, the autopsy findings of a chronic toluene abuser revealed decreased neuronal attenuation in the cerebral cortex. 21 In that study, the investigators found severely damaged second, third, and sixth neuronal layers of the parietal cortex. Reactive gliosis and vacuolation of myelin sheaths accompanied the neuronal loss. Aydin et al 15 conducted a proton MR spectroscopy study to investigate neurochemical changes in the thalamus and white matter of toluene abusers. N-acetylaspartate (NAA) levels were reduced in the cerebral white matter, which indicated an impairment of the neuroaxonal integrity. However, as acknowledged by the authors, neurochemical changes in the cerebral cortex were not assessed, and the source of the reduced NAA level in white matter could not be specified. Neuronal loss, together with axonal and my- elin damage, may have been related to the reduction of the NAA level in white matter.
In the current study, we also report a significant correlation of the WISC-III performance scale scores with the lower gray matter volumes in the dorsolateral prefrontal cortex (BA 9) and superior parietal lobule (BA 7) of toluene abusers. According to the parietofrontal integration theory of intelligence, BA 7 and BA 9 are the key regions that form the core of general intelligence. 30, 31 The superior parietal lobule (BA 7) is the somatosensory association region that is involved in visuospatial processing. Previous functional studies have shown that processing of 3D object imagination, mental rotation of objects, and perspective-taking are related to the function of the superior parietal lobule. [32] [33] [34] Previous studies have also shown an association between visuospatial intelligence and increased gray matter volume in the superior parietal lobule. 35 The performance scale of WISC-III is based mainly on visuospatial skills, such as object assembly and block design. In the present study, the smaller gray matter volumes in the superior parietal lobule of the toluene abusers may be associated with the impairment of the visuospatial skills and lower WISC-III performance scale scores.
The dorsolateral prefrontal cortex (BA 9) is involved in the processing of working memory. Previous functional studies have shown that tasks that stimulate working memory cause strong activation of the dorsolateral prefrontal cortex. 36, 37 Together with BA 11 and 10 regions, the dorsolateral prefrontal cortex is also involved in planning, reasoning, decision-making, and executive functioning. Working memory is one of the core structures of general intelligence. 30, 38 Any factor that causes impairment in working memory leads to a decrease in all components of intelligence. Previous studies have shown that the gray matter volume in BA 9 correlates with both verbal and spatial intelligence. 39 Thus, the gray matter loss in the dorsolateral prefrontal cortex may be related to the lower WISC-III scores in the toluene abusers.
A few limitations of the current study should be mentioned. First, the current study had a cross-sectional design. Because most of the abusers did not consent to a second MR imaging scan, we could not perform a longitudinal study. A longitudinal study for a long period of time would give valuable information about the evolution of gray matter volume and cognitive functions. Second, we recruited healthy control subjects who were matched with the abusers in age, sex, and education level. However, the solvent abusers may have had other psychosocial premorbid factors that may have affected the results. Finally, this study did not investigate the effects of toluene abuse on white matter. Future studies that use advanced and quantitative white matter imaging methods, such as diffusion tensor imaging and magnetization transfer imaging, may help to clarify the relationship between cognitive dysfunctions and white matter changes in toluene abusers.
In conclusion, the results of the current study show that chronic toluene abusers have smaller gray matter volumes than nonabusers in various regions of the brain. Moreover, the cognitive deficits are associated with the lower gray matter volumes in the frontal and parietal cortices of chronic toluene abusers.
